A spectral radiation-transport model was integrated with a three dimensional computational fluid dynamics model to simulate the hydrodynamics and light transfer in open raceway ponds (ORPs). The predicted threedimensional velocity and light intensity agreed well with measured values collected on a lab-scale ORP. However, there was a slight difference in the predicted velocity profiles using two different types of boundaries for the paddlewheel, i.e., the moving zone boundary and inlet velocity boundary, with R 2 values between the predicted and measured velocities of 0.9947 and * E-mail address: hossein.amini.che@gmail.com * * corresponding author; E-mail address: lwang@ncat.edu 
Introduction
velocity and light distribution collected from a lab-scale ORP. Experiments were carried out in a lab-scale ORP in a greenhouse as shown Figure   88 1b.
89
Various concentrations of C. vulgaris at 0.1, 0.2, 0.3, and 0.4 g/L were 90 used in the ORP illuminated by the panels to measure the light distribution.
91
The photosynthetically active radiation (PAR) under the water surface was The mass conservation equation for the phase, q, which is either for the algal cells or the culture medium, is given by 
where stands for the stress-strain tensor of the q th phase that is defined as
where µ q and λ q are the bulk viscosity and shear of the phase, q, respectively,
132
andĪ is the unit tensor. The drag force acting on a single particle in a solid particle system can 135 be expressed by the product of a liquid-solid momentum exchange coefficient
136
K sl and the relative (or slip) velocity between the liquid and solid phases
137
[17].
139
The fluid-solid exchange coefficient for a dilute solid-liquid system, such as a 140 microalgal culture medium, can be written as [17] 141 The RNG k − ε turbulence model with a time-dependent solver was used
146
to simulate the fluid flow in the coupled paddlewheel and raceway pond.
147
The RNG k − ε can achieve stable calculations even at a high Reynolds assigned were σ k = 1.0, σ ε = 1.3, C ε1 = 1.44, C ε2 = 1.92, and C µ = 0.09.
161
The turbulent viscosity defined by the k − ε turbulence model is given by 
where E ext,λ is the specific spectral extinction coefficient; A abs,λ is the specific 202 spectral absorption coefficient; S scat,λ is the specific spectral scattering coef- Equations (11) and (12) The bottom and side walls of the ORP were considered to be opaque.
242
The top wall was considered as a semi-transparent wall. The top wall was computational time, the time step size was set at 0.01 s.
270
To replace the moving zone boundary of the paddle wheel with the ve-271 locity inlet boundary condition, the linear velocity was calculated from the 272 angular velocity of the rotating paddle wheel by
where v is the linear velocity (m/s), r is the radius of the paddle wheel (m),
275
and ω is the angular velocity of the rotating paddle wheel (rad/s). 
282
A case study was conducted to predict the light distribution in the chan- ORP at a distance of 5 cm from the medium surface at various flow times.
303
When the rotational speed of the paddle wheel was 10 rpm, at which the in- although at some areas of the channel optical parameters were higher because merical investigations of mixing in raceway ponds for algae cultivation," 
